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I. INTRODUCTION 

The object of this thesis is the study of the filter formed 
by using terminated filters ( considered as two-terminel net~ 
works), rather than the usual pure reactances, ad arma. It was 
hoped that such a filter would exhibit unusual properties which 
might preve useful, such as greater attenuation through a large 
band, steeper attenuation curves at cutoff, better impedance 
characteristicg absorption of power rather than reflection in 
the rejection bands, and economy of components. 

Filters in parallel and filters in series have been previously 
igeat but a study of an arrangement Like this has not 
been made previously, as far as can be determined. However, 
previous filter theory : ig used to derive the results. 

| aI. CONCLUSIONS 

The properties of the derived filters are most interesting. 
The properties of many do not appear to be as g00d as in the 
usual arrangement, but in a number of cases described there 
are definite advantages to this new type filter. The most 
promising type is the lattice arrangement of two-terminal 
terminated filters. fhis type can be made to have a high 
attenuation over a large part of the rejection band ( at least 43.5 
db. over S7£ of the band using MM‘ terminated arms ). The most 
important property, however, is that this filter has a constant 


(@) MCILWAIN and BRAINERD (Reference 3 ) is an excellent summary 
for the tee or pi section type. The reactance curves are mo st, 
useful. GUILLEMIN (Reference 2 ) well covers the lattice type. 


~ 


iterative impedance which is a pure resistance to all frequencies, 
pass or rejection . This means that this filter can‘be perfectiy 
terminated, that there will be no reflections to the generator 
for either the pass or rejection frequencies { whieh always oceur 
with the ugual filter }), and that the filter itself will absorbd 
the rojection band power. 

The tee arrangement icads to more complicated resulte 
than the lattice arrangement. Rejection band power is absorbed 
for only part of the xe jection band. The iterative impsdance 
of the section depends on the iterative impedanes of its arms 
and is not an easy function to watch. whereas for the lattice 
type, low-pasa arse always result in a high-pass filter and 
vice-versa, such is not true for the tee type. As an exanuple 
of the tee type, low-pass series arms of pi teraination and 
@® low-pass shunt ara.of the tee termination result in a 
high-pass flilier. However, low-pass series aras of the tee 
termination and a low-pass shunt arm of tne pi termination 
result in a band-pass filter. 

Henee, we have the unusual result that given two low-pass 
arms of tee termination and two low-pass arms of pi-termination, 
we can construct 

(a) a high-pass filter (using lattice arrangement) 

(b) a highepass filter with different cutoff frequency 
than previous filter (using tee arrangement with pi terminations 
in the series arms) 

(¢) @ band-pass filter (using tee arrangement with tee 
terminations in the series arms) 


(4d) a lowepass filter (using the arme in conventional 
manner) 
by switching alone. 

Even though this new filter uses many components (22 capacitors 
and 22 inductors for a lattice with mv’ arms, or 10 capacitors and 
10 inductors using m-derived arms) it may be considered to have 
economy of components in come ways beceuse of (1) the constant 
input impedance of the lattice type and (2) the flexibility of 
types that ean be constructed with the sano arns. 

Tm all the above cases it has becn agssumsd that tre cutoff 
frequencies for all arms is the sane. Tor both the lattice and tee 
arrancoments an investigation has been made of the effect of 
aifferent eutoff frequencies for the shunt and seriss arms. It is 
shown for the lattice types thet the attenuation is low for the 
interval between the cutoff Prequencies of the arms. For the tee 
types the attenuation is not affected adversely, other than shift 
of cutoff frequency. 

The attenuation characteristic rather than the phage 
characteristic has been emphasized throuchout as the attenuation 
characteristics determine the phase Pe ad 

The theory of this paper can be extended further; i.c., by 
using filters herein discussed (but not the lattice type) as 
arms of other filters, but this has not been investigated. 

THECRY 

The use of twoeterminal terminated filters as arms of the 
filter results in arms which are apparently resistances to 
some frequencies and therefore (since they are terminated in a 


resistence) absorb that power, and apparantly reacvances to 
other frequencies. Py maxing the shunt and series areas inverse 
networks, the reactance of the shunt arm will always be of 
oppesite sign to the reactance of the series arn. if these arus 
exo placed in a lattice arrangewont we wili Reve an all-pass 
network for thovue frequencies at which tne arias appear to be 
(a) 

reactances . 

To simplify the discussion, &11 reactances suall be ass uued 
pure. Purther, it shall be assumed that the input iupedance 
ef each arm (cach arm being o two-terminal Pilter), is oquel 
to the iterative impedances oc tha. type ark. Ghia can be 
achieved theoretically by making: tuc amau nave an infinite 
number of secticns, or more practically hy assuming each arm 
to censist of only one section propurly Lerminated av its far 
end, waing & termineting seetion before he terninaiing resistor 
if necessary. Lith reaiisabic terminating sections this will 
lead to omly siall crrovs over west ef the pass-bei oF Une 
arms. Appendix A Liliustretes ali types ef arms that wiil be 


Giscucsec. 
4 %3_,p520 


fne iterative impedance of a pa a mez 
Pon 


i 


yp 2, HKV ire Zo} Fig.l 





where K is the square rect of the product of the total series 


(a) See Appendix G for proof that attenuation is zero when shunt 


and series ams of lattice are opposite reactances. 


ae 
and shunt reactances of the section, and where, is 77. ,the 
total ee) impedance divided by four times the total shunt 
(a 
impedanve ° 


> 75.- om Fig.2 
o 





- gince we assumed inverse networks (and constant-K sections). 


Let us now consider 






s lattice section: 
- ; 





—_ Fig.3 
The attenuation of a lattice section is 
| 4 Fite. 
(3) Land(Z) = If =* we Zed 4a 
or 
io ow pe Ln bd 
(ay Tak (&} 4 w 2.8724. 
where 2%, and Z, are like impedances (both apparent resistances 


an this case)” °*?259. 


Let us now place the described pi terminated filters aa the 
series arms of the lattice and the described tee terminated 
filters as the shunt arms of the lattice. The attenuation % of 
the lattice is then, by (3), 





KU MF. 





(5) hiawd., (=) 3 x = VItr, 
V 147 


(a) See Appendix B for meaning of all symbols. 


providing {//+/, 2 = Vit te, Di 


6 @e fyi Pa —— 
CO) Lark ? Yitfe #6, p238 
The iterative impedance of any lattice is 


(7) a ? f ya ra 
Therefore the iterative impedance of our latties is 
(8) < x * 


~ 





Thus we see the lessuhien impedance is a constant in- 
dependent of frequency. 

As special cases of the latticn type, ist us consider 
the tee and pil arms to be constant-K, low-pass. Then 


Ose 


i -~ C. 
z 


Therefore 

(qwoy Ze LZ (4) Fj sume 
this equation being true, of course, only when the quantity 
under the radical is positive. 

Figures 4 and 5 show the attenuation ard iterative impsdance 
vs. frequency for this type filter. The attenuation curve is also 


shown in Plate 1. The ettenuation curve wes computed using (10). 


“Mee Fre 
Fig. 4 | Tig. § 


AS anether special cause of the lattice tyne. let us 


consider the tee and pi arms to be constant-K, high-pass. 





Then 
Ts i 
_ ee - = 
(121) f, ag 4p re Tt 6G, 
Theresore 


(12) Aah (= = | ‘ion rn wa 
this equation mee only when tne quantity under the 
radical is positive. i 


Figures 6 and 7 show the attenuation and iterative 


impedance for this type filter. | 


Wt, = RB Oo sek. 
Fig. 6 Fig. 7 


It can be seen that for the lattice, using constant-K 
arms, shunt and series arms being inverse, attenuation will 
always exist when the arm input impedance appears to be a 
resistance (pass band for the arms), and only then, no matter 
how complicated tne arms. Thus band-pass arms result in a band- 
rejection filter, etc. for this lattice type. 

The attenuation of the two previous filtere, using tee 
and pi arms, was low near cuterf, and in fact rather tow | 
through most of the attenuation ranga, but had one pole of 
infinite attenuation. Since 


(3) Habe = } ~ fst and 


AO heed | = ep 


te maxe 4#, beiter attenuation charactoristic we need to make 


&x ye as néar 1 as possible throughout the pass band of the 


arms. Arrangsagents of tae u-derived type filters will accomplish 
this purpose better: than the constant-K protetype. curves of 
the midesnunit iteravive impedance of a mid-serios mederived 
#2, %# 35, 84,96 

type filter are given in a number of references 
and this same curve can be used to illustrate the nid-ssries 
iterative impedance of the nid-shunt mederived type section ° 
Further, the product of tie mid-snunt iterative impedance of 
the mid-series m-derived type section by the mideseries iterative 
impedance of the mid-shunt m-derived section equals  .(gee%3 or 4) 
These two networks are therefore inverse and to those frequencies 
at which the iterative impedances are reactances, the reactances 
of the two will be opposite in sign, as desired. 

The oe See impedance of the series-derived 

43. pOk7 


m-type section is 
K 


(m4) Z 4 = eS [it (1-207 


The mid-series iterative impedance of the shunt-derivad 
#4, p251 





m-type section is KCC 
5) e=. > eee 
If we place the torminated filterrz as series arms 
of a lattice and the texsminated filters as shunt arus 
of the lattice, 


(16) 2, =/2,2; 





ss 








The attenuation -x if — 
nm | be fal 
; er a 
(W)a, fi} {fi TET tik = ome 
ab Sj of ae 
TN ef ; dé yo 4 5 4 FF 
[/ peas uf “(3° Prue of 


Ve see that a new pole of infinite sttenuation is intro- 


duced when | 
f 
Y it. = 
a. = 1 
# 4-@ —— Slot 
and this second enie can be move. hy choosing nm. 





vlate 1 shows attenuation vs./. fer several values of m 
a6 @ parauoter. These curres ceuld havs been calculated using 
(17) but wers actually calculated, for convenience, using 
curves of mid-shunt lierative impedance of the mid-series 
m-derlived type vs. ©, as given in Terman #6,p233. This can 
be dons pecause this curve oe 2; or , va. i> > and 


Li 
(13) & Kiehi |} j 22 . E, = {/ sare ok “x ordinate if ordinate | 
at 





if 





or (20) wae . i FOR ATE 
Kaad (4) a - = P ad, fet ole Hake a? } 
OE GS ASTE > . 


Using &® smell value of m we ean obtain an attenuation pole 
as near asa desired to the cuteff frequency, but when m becomes 
very small the pole becomes very narrow at ite bese and the 
overall attenuation suffers. Values between m a and m .6 seem 
very ¢00d. In the usual filter thsory the value of m is usually 
dscided, at least in terminating sections, to give the optimum 
iterative impedance. In this lattice arrancement the iterative 


Ntege Renee tg Me Se 





impedance is 
(20) Zz g: =! [xi A. RLM = K 
Zr bt Ct me. Lt a2fy MP ci = 
& constant for all frequencies not affected by the value of m. 





*: SONS eters my, ww 


The attcnuetion of the lattice type filter can be improved 
further by the use of more complicated arms. Since “Theoretically, 
with dissipation nmerlected, the solution of the terminal wave- 
filter impedance problerm---can be carried to any deeree of 
proximation desired toward a constent resistance terminal 
image impodanee in ail tranemitting bands"*7 with one laitice 
eection we can anppreach infinite attenuation over the entire 
rejection band (lass band of arms) to any degree of approximation. 
The wM' tyve of arme seens to ne the most complicated jype 
that is economically realizable, though =san deseribes wM'H'' 
ami wore complicated types. In all of these more conpilcated 
types it isa still poseible to realize inverse networks and in 

_- it is proved the mid-series isago inpedanee char- 
acteristic of the shuntederived MF' structure is inverse 
te the mid-sreunt tupedancs of the serie¢vederived »w! atructure. 
Sinee the m,' terminciion can be diesi,ned to cive en iterative 
impedance constant to within 2% over 97% of the pass me 
using the reasoning of (19), the minimum attenuation over 97% 
ef the rejection band of the lattice filiter is 

hawk = j =f ~, 02 cu = Sl mapfeur = TF. S Hb; 

Plate 1 shows the attenuation characteristic of a iettice 
with #M' terminatec filters 2s arma, with w~.7256 and w'*.41354. 
There are three poles ef infinite saitenuation. This curve could 
have been computed in the nauner of previous curves, bet for 
convenience the reasoning of (19) was applied te the iterative 
impedance characteristics curve of the MM' type as drawn by 


121 


Zobel on page 3134 of *7. 

Examination of Plate 1 shows that a lattice filter with 
ME’ arms is little er no more efficient than two lattice 
sections with mederived arms (having perhaps different m's), 
and actually one section with MM' arms requires 2 more capacitors 
and 2 more inductors than two lattice sections with m-derived arne. 

It has been assumed previously that all four arms of the 
Lattice were of the same pase-type (1.e., highepass, low-pass, 
band-pass, etc.) and had the same cutoff frequencies. An 
interesting problem is the effect ef different cutoff frequencies 
for the shunt and series arms. Previously a single frequency 
saw all four arme to be resistances, or the shunt and series 
arms inverse reactances. With different eutoff frequencies, 
hovever, there will be frequencies at which the shunt (or series) 
erms appear te be resistances while, at the same frequency, 
the other arme appear te be reactances. Let us discuss this 
problem for the following assumptions: 

a. The series arms are the low-pass tee type, terminated, 
and contain 4, and ©,. 

dD. The shunt arms are the low-pass pi type, terminated, 
and contain A,end ©. 

The cutoff frequencies of the shunt and series arms are 


Gifferent and are related by 
Hes 3/he bike, 





(22) ; 
on “ae 4 - ee 
Wow (23) (“1 “fae, > ‘Pha, Vee 
(A) OF, * Avice, 
* 2]5., ~ i ‘ 
(MS) Lic, : Zi he, 
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if we assume /, //, below 1. , both arma are resistences. 
Between (’., and {v.,, the series arms appear to be resistances 
and the shunt arms reactances. Above iv. j all arms appear to be 
reactanees (shunt and series opposite). 


Let us define 
(26) ¢ = : are 


Below iv, 
= if Za 
alt Me Fe 


i, 
Fh. ff a\lt A ‘ ee ek 
* ¥e ( it? } Pipa) (hea tel I~ te tS) 
by assuming |. ry =f» with no lose in generality, other Fa 





= VR Wine vA 


Ka ¥ 





constant factor in particular. In this region the attenuation 
is i, 
; /y 
| m iz Me § yt 7Y i ae. AL % 
(98) Tank (% j= - FOG) (1- Ga 74 J 


and we see the attenuation is infinite at “~- °% and zero 
at ‘Mca, 


The iterative impedance in thia region is 


Se eee erence 
= _h. Kk. 
(29) Ze? (Z_2.. = IKliv7 Tat Wi | M4 
| 


4, 
. iid, 








The iterative impedance is Vek. at ‘=? ena infinite at “<2, 

In the region “c..4'’(‘“«the series arms appear resiative, 
the shunt arma reactive, and the reactance is a setute 
reactance. Here 





~ Ho Ze ~ 2 Zz. a Gf, “4 
- > Ss £8 i oe ' oe 
(3) fo ' Ze Voie Vd Tee 
— [ ¢ 
= - f Z£&, = 4 4° 
VA Il = te tg . 4 
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in thie region ye 
(U2, zz, Weare VOR a 


= Vig, (LA | yy 
Thus here the iterat ant iapbienee is a complex number, always 
having an angle of ~45°, and varying in mognitude from .o at iv. 
te zere at lL. Returning to y we see that it ia a complex 
number and hence the attenuation is not given by (3) or (4), 
and therefore the formula for attenuation must be developed 
for this case. 


#2,0579 
fhe transfer function for any lattice ye? 


a a hi Zs i 
(32) Y= tl = 2 Leek VF =. ey = bool 
Since it is more difficult to find the Ve part of the 
=| 
tanh of a complex number, the = form will be ueed. 


Pei 
(33) (-24-(4- |) * Ge Fares 








2 a - 
g > . i oi sfge_: Re 3 
<2 [Be By 4: Jha. pana ead 
| ( #2 -1) + He] .Y LA etd 





= _ 2 

he [Ee ge | tf ab jp 
| G° eA got \7° whe ohk. ge “veg tl 

Wow if 

(38) ae duo (fA t7 8) 


then (35) X= “AU (42? "ye" > thew tA *7 2?) (see *5} 
Tnherefere in this case | 
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“S 
Ne, 
wn) 


“iy 2 (Wig. 


“1h Ye 7 
f 





(36) = 3 Ae ; 


say #7 ee ‘ 
ta [Ae gah hy 


Therefore wae yo» K = 0 and 
y 


rn 


SL. q Pi | 
LG 2 reg eny 


wnen Goi O ® =o + Therefore there must be 
some value of y, that causes the maximum attenuation in this 
range. in Appendix [> it 1s proved that this vaiue isi,.-/ .- 


Y 
Therefore the maximum attenuation in this rance is 


istio = + £ tole Fat | : £ bad Pay fs pere 101 dee 
The actual value of 7.64 db. will be reached only for very large 
or small k's, hewever, as po dees net necossarily pass threush 
the value of 1. 
fhe attenuation above ((.;will be zero, as the shunt and 
series arms will then appear to be opposite reactances. 
Piate 2 illustrates the attenusiion of the lattice Tilter 
when (a) 0,7, 5 (BD) 42.7.9 %%q and (G) 4 49.5 bay 
we have yet to determine the iterative impedance above ‘t;. 


The iterative impecance in tala range is 
«vans — i afie yout g ai 
a = a a ¥ ~~ = “e 


f. 


Fig. 8 is a sketch of the iterative impedance. The real 
and imaginary parts are equal in the complex region. 


} 
¢ $ 
. « = : ‘ 
AK a a ee —— ——r «Een ee a = CP = oe 
: *, 1 al 


at 


Fig. & 





ee —_ 8 
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Let us now investigate the filter formed when the arnus 
are arranged as a tee rather than the lattice of previous 
discussion. This case is more complicated than the lattice 
because a tee structure is not an all-pass structure when 
eeries and shunt arms are opposite reactances. The tee wiil 
attenuate as did the lattice when all arms appear to be resistances; 
but for a portion of the frequency spectrum when arms are 
reactances, the filter will attenuate again. There slso will 
be a portion of the frequency spectrum wherein the reactances 
combine to give a resistive iterative impedance with no attenuation. 
There will be attenuation — “ad > 4 or” L-| - Attenuation 
will be zero when O>P)-| . = with constant-xX type arne 


rangement of either fig. 9 or fig. 10. 
71 


Fea, 









Pig. 9 Fig. 10 
The results will not be the same for the two figures. 


First let me, ageune the nt of fig. 9. Then 
{ 





cay © 7 4 Zr ee ~ 2A) 

As a more special case let us assume the arms are low-pass. 
From (9) 

(40) (> a -% bes Wh, 
Therefore 

m “= 30) guree) 

The cuteff frequencies exist when/-0 and/--/ . 





When 


x . 
(42) Y= Z(1- Sng &G) 


7 
we ee@ jv -oo is a cutoff frequency. 








when 
_ . xe 
(43) — | a4.=% 7 Mec) > LAS tic 
Below ari all arms appear resistive, therefore < ig 
, #3, p297 
positive in this range and then ~ 
es ‘ ~! = PS 
(44) Xx = 2 Aiea A > 2 tak 2 fi-ge. ac) 
when ly = il Va = 2 Ath a = ht ¢ tA 
— - 4 2oT 


3eP 
Por 2: \ ,\/2 dp and then 
fee OT ae 


& P . _ -/,/ a { 

(5) a = 4 enh’ |/-1- > he \/ “ft Zhi-®y ~ Lec ) 

For tu * ) We : Pas petween O and-1 and the ~ 7 ~ is nae. 
*3,p2 


the ae aaah impedance of our section is 
os a =. @ 





. _f227) 
( ) / f { V2 > 4 i+ : - 
For Fonts = , 
(47) KY 26; }-i "Tonto 
—. . #6 
When iv 0, 2A +3, Further, <-"O when j72 « For large ‘“, 


” 


Ze ROX. 


Figures 11 end 12 show the attenuation and iterative 
impedance for the tee arrangement of £16. 9, using in ya 
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As encther special case using the arrangement of fig. 9 


let us assume the arms are high-pass. From (11) 
{ 




















> - ee Therefore 
(49) w=; SY 
Cutoff frequencies exist when “->5 amd <“--/ . When 
/ 
(50) 0 = Lf } tw 7-6 and when 
a 7 ] 
($1) _, . ——+—-- - _ te 
ee | WE KE 
Further we can see = = = a, when a, te — 
Above tort = f° 18 positive ana the attenustion in this 
ranaze is 
i 
(52) a = A. thwh 7 ae a fa a 
tf bat he 
For the range —— _; end the attenuation is 
88 Kuh — 
(S53) wv = - o— ah 
a4 2 ae Jf —~p-? = ~ “he . ee 'y ~f— > re boea-e } 
For the range ., ¢ _i_ = i 2< 8 tne attenuation is 0. 


The iterative nedabiok of the section is 


— d 
(iM zaffay ct = kfa+ pom 


Pts EQ, 


When (/ “2 yugma fer tu-—> OO, £3 KIG . For the range 








ne w <i im the iterative impedance is an inductive reactance. 
iG 


ads 13 and 14 show the attenuation and iterative 
impedance for the =e arrangement of Tig. 9, using high-pass arms. 





it od 


VET. Abe fete 24k 


ff 
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Let us assume the arrangement of fig. 10. Then 
2Zzr AK V 117, 
(55) f= a » CK YN. - a 4 ey, 
Y2n Ts = (iwey 
. 13%“ 
As a more special case let uB assume the arms are low-pass 


Therefore 
= ; 
(56) jf < ( io y tv “GJ 
The cutoff frequencies exist when Fad Ee and 2--/ . when 


(57) O- e(}= Se ec) 


\» 


we see i. = Ted is a cutoff frequency. When 
9 ~ - | 
(58) . (1 F hr het J 
we see (= //+ 18 a cutoff frequency. Below ..- —— all arns 
th & VLE 


are resistive, hence ~ is positive and 


— = — © eam . « .F / f & Fe 
(59) oP. wipe y (7 —s Te oan Ca a acy 
2 ) : 
For the range {tu ¢ y , -/€7<€ 2 end the ettenuetion is 0. 


Fer the range “ ))i2 » Col eae 


60 : = J - -" a 7 
(QO) He Lae hK pape ~ 2A AK” Poy -4 (i Geer) 


a etiateneienneaniionsiteattl 


The iterative imvedance of our section is 

me | i a rs = — 
(61) Z * 74a ép f —' = V2n*4K (He) > KY 274, “KY2-4 tee 
Figures 15 and 16 show the attenuation and iterative 


dance for the arrangement of fig. 10, using ee &FMS « 





oe = Aeh a, eats ae. 8 tia ad } 





hee t. 
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AB another special case using the arrengement of fig. 
10 let us assume the arms are high-pass. Then 


; She ta 
(62) 7 = 3. ({t/4) : Zt (/- Pree, 


The euteff frequencies exiat when7-o and/’:-/ . When 








{63) O™= bs ( f ro ; tAF - Both aet. “ When 
(= 2G Gi ) po “Tine 





For the renge as fAzln~ | and 


(65) A = — ia = = Diirtand. = 
For the re = eer et and the sttenvation is 0. 





; t 
di WPRLI RS | 


For the ranse mal " = . ‘aes arms are recistive, © is positive, 


and 
’ = YY 2 ee 
(66) a = = 2 Atal ‘VP = 2 atind. ~ ‘y = { {- orkat) 


The iterative impedances of the section is 


(7) Ze K prem =K 2 - tr 


Micuresa 17 ané 18 show the attenuation and iterative 





impedance for the arrangement ef fig. 10, using high-pass arms. 
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Sinee for the lattice we investigated tho effect of using 
mederivea terminated arms, let us now for completeness sake 
investicate the effect of m-derived arms in a tee arrangement. 


we can have the arransement of either fig. 19 or fiz. 20. 
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For the case of fig. 19, using (14) sand (15), 
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As a special case of fig. 19 ict us assume the arms 


are lov-pass. etre (9) then ~ 
time Awe eC) 
og Ee Seton Tatton * ancl 
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AS & numerical example usin; mn < it can be sten Z =o 
z= <a ty of 
a rar @) A= 0 a I © 
when /v joc ena’. when (v vc.) Pre 
Figures 21 and 22 show the attenuation and iterative 
impedance for the arrangement of fig. 19, using low-pass 


m-terminated arms, with m-.6. 
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Fig.22 
It should be noted the attenuation at t= 6 is the same as in 
fice 11, but here we have a band-pass rather than the high-pass 
filter of fie. li. | 

Let us consiger the case of fig. 19 when tLe arms are 


high-pavs. Using (iz de om~! = (69), 
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_ As a numerical example using, Bm oS At can be seen - when 
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Figures 23 and 24 show the attenuation and iterative 
4impedance for the arrangement cf fig. 19, using high-pass 


m-torminated arms, with m .6. | os 
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for the case of fig. 20, using (14) and {15>} 
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AS a special case of fic. 2 let us assume a are 
lowepagsa. Then 
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As ® numerical example using m .6 it ean be seen 27 
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Figuree 25 and 26 shew the attenuation and iterative 
inpedsree for the arrangement of fig. 20, using lowepass n- 


terminated arcs, with m:.6. 
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Tet us consider the case of fis. 20 when the arms are 
high-pass. Then 
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AS & wumerical example using m-.6, it can be seen 7 =o 
i a Dsl 
whens, <3¢,. and 24°79 when. * 404.7 oY re Te, 

Figures 27 and 28 show the attenuation and iterative 
impedance for the arrangement of fig. 20, using bigh-pase 
weterminated arte, with m*.6. 
a7 a 

rE | at 
i i iis | 7 t : 

= , : 

fe . 


€ *s re 
. * \ , 
cd 





Fig. 2 Fiz. 28 
For all tee type filters discussed thus far it is to 


be neted that et one end of the attenuation band the attecuntion 
approaches 

(90) AH 7 lak "RP wat VE = 4 at 
which 1s much lower than te to be desired. Rowever in all these 
cases the assumpticn was made that the K of the esries arm was 
equal te the K of the shunt arm. BY removing this assumption re 
can obtain a method for making the attenuation &e Lich as 
Gesired et. one ert ef the at tenuation band. Del aning Be, series 
arms 6 arms l ana the shunt erm as &rm 2, ist us again investiaate 


re of fig. 9. Now 
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the attenuation of the ar 
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In that pert of the attenuation band in which we are 
presently interested in increasing the attenuation, the arme 


appear as resistances and the attenuation is 
(CM) A= 2 ark? or 
Therefore to increase -, in this range we want to incre,se p 
as (vapproaches 0 for the highepass filter or as gy approaches 
cO fer the low-pass filter. For the high-pass filter (low-pass 








arms) 
D=- 4 af) — —  — 
(82) / me YI ety Vs—-£ badly Coa 
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and as iw >od 2 j? 2 Fe ry 9 and x9 2Aree ze 


For the low-pass filter (high-pass arms) 
 —— aS 
MF. SS 
7 eeRe, —~ Hard, c, 
and as KW -700 , 42» £ ra ’ and OX > 2 amk. “i & + a8 for the 





high-pass filter case. Therefore by determining the ratio KL 
we can make A. approach whatever limit we please as ‘vo a 
as tv 7a@ 9 88 the case may be. Now 

(BA) Ky tp net K, = 1 
but we are not completely independent in our choice of L's and 
C's es we still must meet the requirement that the cutoff 


frequencies must be the sane. For _, low-pass arm case 


(85) tes. * ie = or 4,6 42 
For the high-pass arm case 
ee. 


as before. These are the only conditions the L's and c's must 
meet, however (other than the desired impedance values), hence 
even fixing (86) we can pick any arbitrary values for (84) 


providing we aecept the impedance characteristics. 





investigating the impedance for this case, instead of 
(46) we have il - 

















j s f22-}° eg a ae ’ V try i 

4 tp2Z52-7 —" =j[fp seen, V7 +% = 92K & ie 

(87) 4 | a { Y Yi+7 a} Bun reyere / * Vir it? 

Because of (85) 
(88) Kel _—_—_ Therefore 
yom K — ax 
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M6) 2= K V2 

For the lowepass arm (high-pass filter) case then, the 
impedance curve will still have the general outline of fig. 12 
but the limiting values will be different. The value /,X, could 
be chosen independently of ma if (85) did not apply. Let us now 
investigate the effect of different cuteff frequencies. 

let us assume the arrangement of fig. 9 to investig,te 
the effect of different cuterf frequencies of the shunt and 
series arms of the tee type filter. Define a series arm as arm i 
and a shunt arm as arm 2. assume “<.-> 4 ~<,, where k is a 
constant. when < ~/ previous argument would hold. Now 

(90) “ce. ° i= =~ A 4, = od « Therefore 

{91) eG a 2° 4,€, 

for convenience of explanation assume A>} or “<2 2%, 
fhose frequencies “ K weg see fig. 29. Those frequencies 
We, (ag fig. 30. Those frequencies WiC + gee fig. 31. 
It is obvious fig. 29 will cause attenuation. Fig. 30 will 
cause attenuation in some manner we Rave yet to determine. 
Fig. 31 is a high-pass section, se we suspect it will attenuate 
for some frequencies and pass the rest. 
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In the renge ™.., Qf se & fe is a complex number, actually 
‘ 
(97) |i nee — = pure imaginary 
2* peal x imaginary 


the heavy #7 will designate the fact that it is not a 
real number, and the light ee will deaignate the modulus of fe ° 
In the complex case the attenuation for the tee arrangement 
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where “4s the angle of F . 
m our case “4g 90° hence (96) reduess to 
(99) a Nema Laie re) and in this range 
(300) 9 = —== 


2f- wh e=t “Vi=ghes = wt, & 





Above.y, +9 1s a negative real number and we can return 


to the aymbol / . Here 
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AS & numerical example, Plate 3 shows X vs.’ for the 











high-pass filter when /#y=/ and *#-+. It is, to be noted 
the new cutoff frequency of the shunt arm had no harmful 
effect, other than the shifting of the cutoff frequency of 
the filter to near the cutoff frequency of the shunt arm. 
Fig. 32 is a sketen of the iterative impedance for thia 


: il Lad, 
case when “4=2, The impedance is complex between ““/ ang “<>, 


Fiz. 32 





fo conclude the thesis three cases will be discussed to 
show, partly, why it was concluded arms of both the lattice 
and tee type filters should be alli of the sawe pass-type. 

For the first case let us assume we have a lattice (fis. 
33) with the series (no. 2) arms high-pass with pi terminations 
and the shunt (no. 1) arm low-pass with tee termination. 
Assume the cutoff frequencies of the arms are the same, and 


the K's the same. 


Fig. 33 
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The quantity under the radical will always be negative. 


Therefore y is complex and its real and imaginary parts are 
equal. (30) and (36) apply. 
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Examination of this equation shows =o when Liste = » the 
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cuteff frequency of the arms. Al#O, 5 -> o WHER »>» OF ., -»,0° 
Appendix D proves the maximum attenustion given by (36) 


is when Gott and (37) proves the attenuation is then 7.64 db. 
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Fige 34 18 a aketch of the ettonustion for ‘Gus filter. 
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As the second case let us agcume the teo of fig. 35, with 
series arms high-pase pi terminated and shunt arm low-pass tee 
terminated. 
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Fig. 36 
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For the third ease iet us assume the tee of fig. 37, with 
serice arms high-pavs pi terminated and the shunt arm low-pass 


pli terminated. 
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Yor ali vrequencies because the cosine of a negative angle 


is eygual te the cosine of the positive angle. Hence 
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Thig oxpression appears indetemsinete at Ww se, but can be 
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evalueted by differentiating numerator and denominator ef the 
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The impedance is 2& complex number for ell firecquencies excerpt 
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=K at Ww=0, It has an infinity at “~~ 77%. 
Sic. 35 is a sketch of the attenuation for this arrangement. 
The attenuation is zere at zero frequency and increases to 


infinite sitenuation at infinite frequency. 


x ; Fig. 38 
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APPENDIX A 
TYPSS OF ARMS 
The left terminals join the filter. The right terminais 
are connected to a terminating section which is connected to 


@® resistor. See *6 fer numerical values. 
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The remaining sections may be connected to the resistor 
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SYMBOLS 
Symbol veaning. Page first used 
= Attenuation, nepers, unless specified db. 5 
G phase 13 
{ ‘ransfer function rf =o 46 13 
f/ one-fourth ratio of total series impedance of filter 15 
section to total shunt impedance of filter section. 
v A complex ~ . Then “ is the modulus of # . 26 
(% QOne-rourth ratio ef total series impsdanee of arm 4 
section to total shunt impedance of arm section. 
(2 ‘he phase angle of 26 
(/ angular frequency 6 
“.  guteff angular frequency 6 
k 4 constant il 
K Square root of product 2,2, 4 
24. Ze 

¥ ao. OF y z2¢ Of a lattice section 12 
a Iterative impedance of derived filter section 16 
Le Total series impedance of arm section 5 
2p Total shunt impedance of arm sasction 5 
Ze Iterative impedance of a lattice section 6 
Zi Total serles impedance of any filter section 4 
Zn Total shunt impedance of any filter section i: 
Zm Iterative impedance of an arm, with arm arranged as tee 4 
an Iterative impedance of an arm, with arm arranged as pi 5 
Zn Mid-series image impedance of shunt-derived m-type 8 
ani Mid-shunt image impedance of serles-derived m-type 8 
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Proof that attenuation is sere when shunt and series 
of lattice are opposites reeetancas. 
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We are concerned a 2 With the Walue +1, however, because fo was 
&agumed a real positive quantity when defined. The maximum 
value of our expression is therefore: 
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